The four receptor tyrosine kinases of the ErbB family play essential roles in several physiological processes and have also been implicated in tumor generation and/or progression. Activation of ErbB1/EGFR is mainly triggered by epidermal growth factor (EGF) and other related ligands, while activation of ErbB2, ErbB3, and ErbB4 receptors occurs by binding to another set of EGF-like ligands termed neuregulins (NRGs). Here we show that the Erk5 mitogen-activated protein kinase (MAPK) pathway participates in NRG signal transduction. In MCF7 cells, NRG activated Erk5 in a time-and dose-dependent fashion. The action of NRG on Erk5 was dependent on the kinase activity of ErbB receptors but was independent of Ras. Expression in MCF7 cells of a dominant negative form of Erk5 resulted in a significant decrease in NRG-induced proliferation of MCF7 cells. Analysis of Erk5 in several human tumor cell lines indicated that a constitutively active form of this kinase was present in the BT474 and SKBR3 cell lines, which also expressed activated forms of ErbB2, ErbB3, and ErbB4. Treatments aimed at decreasing the activity of these receptors caused Erk5 inactivation, indicating that the active form of Erk5 present in BT474 and SKBR3 cells was due to a persistent positive stimulus originating at the ErbB receptors. In BT474 cells expression of the dominant negative form of Erk5 resulted in reduced proliferation, indicating that in these cells Erk5 was also involved in the control of proliferation.
Receptor tyrosine kinases of the ErbB family play essential roles in several physiological processes, such as cell growth (11, 36, 66) , differentiation, and tissue development (8, 55, 61) , and have been implicated in pathological processes, such as tumor generation and/or progression (36, 66) . This family comprises four structurally related transmembrane receptors, the epidermal growth factor (EGF) receptor (EGFR or ErbB1/HER1), ErbB2 (neu/HER2), ErbB3 (HER3), and ErbB4 (HER4) (36, 66) . Activation of ErbB receptors may occur by ligand binding (67, 68) or by overexpression of the receptor (36, 57) , the latter mechanism being particularly relevant in certain pathologic instances such as cancer (30, (62) (63) (64) . Ligand-mediated activation of ErbB receptors occurs by interaction of the ectodomain of these receptors with specific members of the EGF family of ligands (11, 48) . This family includes EGF, transforming growth factor ␣, amphiregulin, betacellulin, and epiregulin, which preferentially bind to and activate the EGFR (3, 48, 65) . A second group of EGF-like ligands, the neuregulins (NRGs), bind to ErbB3 and ErbB4 (6, 38, 53) . Ligand-induced activation of ErbB receptors is complex and often includes oligomeric interactions between different ErbB receptors (19, 54) . Thus, upon ligand binding, ErbB receptors oligomerize and this results in transphosphorylation of the receptors on tyrosine residues. While ligand-induced homooligomerization of EGFR or ErbB4 results in its activation, heterooligomerization is expected to play a major role in the function of ErbB3 and ErbB2. In fact, ErbB3 contains an inefficient kinase activity in its intracellular domain that would prevent activation of ErbB3 homooligomers (32) . On the other hand, ErbB2 does not bind any EGF family ligand with enough affinity, thus preventing its activation by ligands (65) . Cooperation between these receptors has been demonstrated in cell lines expressing ErbB2 and ErbB3 (29, 50, 52, 69) . In these models, signal transduction occurs by the combined action of ErbB3 acting as a receptor for the ligand that is then presented to ErbB2, which acts as a signal transducer and phosphorylates ErbB3 in heterodimeric ErbB2-ErbB3 complexes.
Tyrosine phosphorylation of specific residues within the intracellular domain of the receptors results in the binding of signaling molecules with enzymatic activity or adaptor molecules that allow activation of specific intracellular targets (68) . Important downstream pathways that are activated by these receptors and have been linked to the regulation of cell proliferation are the mitogen-activated protein kinase (MAPK) routes (58, 70) . MAPK routes are characteristically organized into a three-kinase module that includes a MAPK; the upstream kinase MEK or MKK, which phosphorylates and activates the MAPK; and the MEK kinase, which is responsible for the activation of MEK (26) . Three major MAPK pathways in mammals have been described (13) . The extracellular signalregulated kinase 1 (Erk1) and Erk2 (Erk1/2) route is activated by receptors for polypeptide growth factors (26) , by G proteincoupled receptors (31) , or by direct stimulation of intracellular pathways such as the protein kinase C messenger system (59) . Growth factor receptor stimulation results in activation of the Ras pathway, which then triggers the activity of Raf kinases, which phosphorylate and activate the dual-specificity MEKs responsible for the tyrosine and threonine phosphorylation and activation of Erk1/2 (46, 60) . Erks then phosphorylate cytoplasmic substrates (26, 70) and are also translocated to the nucleus (27, 44) . As a result of Erk translocation, several nuclear proteins, such as transcription factors (37, 58, 70) or other structural proteins (75) , are phosphorylated, and this causes induction of genes that participate in proliferative and differentiative responses. The two other MAPK routes, the p38 and Jun N-terminal kinase pathways, are mainly triggered by cytokine and stress stimuli (37, 56) . Although they appear to be regulated by analogous stimuli, their upstream activating kinases are, however, different (37, 70) . In several different cellular models, all of these MAPK routes have been shown to be triggered by neuregulin (NRG) receptors (18, 24, 28, 53) . Use of specific inhibitors of the Erk1/2 pathway has indicated that this route participates in NRG-induced proliferation of breast cancer cells (24) . In contrast, p38 activation has been reported to result in an apoptotic response (17, 18) .
Another MAPK route, the Big MAPK-1/Erk5 kinase pathway, has also been implicated in proliferative responses (21, 41) . This pathway has been shown to be activated by EGF (39, 41) and differentiative factors such as NGF (39) and also participates in cellular responses to hyperosmolarity and oxidative and mechanical stresses (1, 2, 73) . The intracellular cascades leading to Erk5 activation, as well as the targets of this kinase, are being uncovered. Participation of the Ras/Raf pathway is still unclear. Thus, stimulation of the EGFR in HeLa cells led to Erk1/2 and Erk5 activation; however, expression of a dominant negative form of Ras prevented Erk1/2 activation, leaving unaffected the ability of EGF to induce Erk5 activation (41) . In contrast, NGF-or EGF-induced Erk5 activation in PC12 cells is inhibited by the presence of dominant negative forms of Ras (39) . Other studies on Erk5 activation have indicated that itinerant cytosolic tyrosine kinases such as c-Src may participate in Erk5 regulation (2) .
More accepted are the identities of the Erk5 upstream activating kinases. Thus, the upstream dual-specificity kinase MEK5 has been shown to physically interact with Erk5 (74, 76) , and constitutively active mutant forms of MEK5 selectively activate Erk5 but not other MAP kinases (40) . Functional studies have also shown that a dominant negative form of MEK5 prevents serum-induced (40) and G protein-coupled receptor-mediated (45) Erk5 activation. Thus, these studies indicate that MEK5 may act as the immediately upstream Erk5-activating kinase. Studies on possible activators of MEK5 have identified the MEKK3 kinase as a possible regulator of MEK5 (14) .
Here we have investigated whether the Erk5 pathway may be activated by NRG receptors. We show that NRG activates the Erk5 pathway in several cancer cell lines. Furthermore, lines overexpressing active forms of ErbB2, such as SKBR3 and BT474 breast cancer cells, do express constitutively active, dually phosphorylated Erk5. Expression in MCF7 cells of a dominant negative form of Erk5 resulted in a significant decrease in NRG-induced cell proliferation, indicating that this kinase participates in the transduction of signals that lead to cell duplication upon activation of NRG receptors.
MATERIALS AND METHODS
Reagents and immunochemicals. Cell culture media, sera, and G418 were purchased from GIBCO BRL (Gaithersburg, Md.). Protein A-Sepharose was from Amersham-Pharmacia (Piscataway, N.J.). Immobilon P membranes were from Millipore Corp. (Bedford, Mass.). U0126 was from Calbiochem. EGF was from Collaborative Research. DAPH (10) was generously provided by N. B. Lydon (Novartis Pharma, Basel, Switzerland). Other generic chemicals were purchased from Sigma Chemical Co., Roche Biochemicals, or Merck.
The anti-hemagglutinin (HA) monoclonal antibody was from BAbCO, and the anti-Shc antibody was from UBI. The mouse anti-phosphotyrosine, anti-c-Jun, and anti-phospho-Erk1/2 monoclonal antibodies, the rabbit polyclonal anti-Erk and anti-Ras antibodies, and the anti-ErbB antibodies used for immunoprecipitation were from Santa Cruz Biotechnology, as was the goat anti-Erk5 C-20 antibody. The Ab3 anti-ErbB2 antibody used for Western blotting was from Oncogene Science. The anti-HER2 ectodomain 4D5 monoclonal antibody was provided by Mark X. Sliwkowski (Genentech, San Francisco, Calif.). The 528 monoclonal antibody against the EGFR was generously provided by John Mendelsohn (M. D. Anderson Cancer Center, Houston, Tex.). The Cy3-conjugated secondary antibodies were from Jackson Immunoresearch. Horseradish peroxidase conjugates of anti-rabbit and anti-mouse immunoglobulin G were from Bio-Rad Laboratories (Cambridge, Mass.).
Cell culture and transfections. All cell lines were cultured at 37°C in a humidified atmosphere in the presence of 5% CO 2 -95% air. Cells were grown in Dulbecco modified Eagle medium (DMEM) containing a high glucose concentration (4,500 mg/liter) and antibiotics (penicillin at 100 U/ml, streptomycin at 100 g/ml) and supplemented with 5% (HeLa cells) or 10% (MCF7, BT474, SKBR3, NP9, NP29, NP31, A431, KB, and SKNBE cells) fetal bovine serum (FBS). The cell line NP18 was grown in RPMI medium containing antibiotics and 10% FBS.
Transfections of MCF7 or BT474 cells were performed with calcium phosphate, and clones were selected with G418. Single clones were analyzed for transfected-protein content by Western blotting with the anti-HA antibody (HAErk5 AEF ) or the Ab-3 antibody (ErbB2). To generate MCF7 cell lines that expressed HA-Erk5 AEF or RasN17 in a regulated manner, we used the tetracycline transactivator system. MCF7-Tet-Off cells (obtained either from R. Michalides [77] or from Clontech) were transfected with pTRE2-HA-Erk5 AEF , with pTRE2-RasN17, or with pTRE2 together with pBabe-Puro using Lipofectamine (Gibco-BRL). Clones were then selected with puromycin at 3 g/ml, and the expression of the proteins was analyzed by Western blotting, comparing the amounts of HA-Erk5 AEF or RasN17 in the absence and presence of doxycycline at 0.1 to 1 g/ml.
Generation of antibodies. Erk5-specific antiserum was raised in rabbits against the sequence NH 2 -ESLQREIQWDSPML-COOH (residues 791 to 805), located at the C terminus of Erk5. A polyclonal anti-HA serum was obtained from rabbits immunized with the peptide NH 2 -CYPYDVPDYAG-COOH. All of these antipeptide antibodies were purified by affinity chromatography using peptide-Sepharose columns.
The anti-pErk5 antibody was generated in rabbits against the sequence NH 2 -HQYFMpTEpYVATRW-COOH (residues 213 to 225). The keyhole limpet hemocyanin-coupled peptide was injected into rabbits that were bled after the second booster. The sera were precleared of antibodies reacting against nonphosphorylated residues by three consecutive affinity purifications over a column of CNBr-agarose-HQYFMTEYVATRW. The last purification over this column gave rise to fractions whose A 280 was below 0.1. Once depleted of antibodies reacting to the nonphosphorylated peptide, the serum was passed over a column prepared with the phosphorylated peptide. Fractions with an A 280 greater than 0.8 were pooled and characterized by immunoprecipitation and Western blotting as shown in Fig. 1 .
Plasmids and fusion proteins. HA-Erk5 was subcloned into the pCEFL mammalian expression vector. This is a modified version of the pCDNA3 vector that includes the elongation factor 1 promoter that controls the expression of an N-terminal HA tag after which the Erk5 cDNA is located (45) . To generate a dominant negative form of Erk5, an EcoRI fragment from wild-type pCEFL-HA-Erk5 was subcloned into the EcoRI site of pCDNA3. Site-directed mutagenesis of the region containing the activating TEY microdomain (TEY to AEF) was performed by using standard procedures (5 A glutathione S-transferase (GST)-MEF2C fusion protein containing fulllength MEF2C was generated by PCR amplification of a fragment using His-MEF2C (provided by J. D. Lee, Scripps Institute, La Jolla, Calif.) as a template and the oligonucleotides MEF2C 5Ј (5Ј-GGGAATTCGAGGATGTCGACCT GC-3Ј; an EcoRI site is underlined) and MEF2C 3Ј (5Ј-CCAAGCTTGTCGCA TGCGCTTGAC-3Ј; a HindIII site is underlined). Plasmids were transformed in Escherichia coli strain BL21 or JM101, and the bacteria were induced with 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h at 37°C. Bacteria were lysed, and the fusion proteins were isolated from the lysate by glutathioneSepharose or nickel affinity chromatography. The fusion proteins were eluted from the resin with reduced glutathione or imidazole, and the amount of protein was quantitated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using various amounts of bovine serum albumin (BSA) as standards. A GST-EGFR fusion protein that included the 301 COOH-terminal residues of the human EGFR was used to generate polyclonal anti-EGFR antibodies as previously described (22) .
Retrovirus production and infection. For transient generation of retroviruses, 293T cells were plated in 60-mm-diameter dishes (1.8 ϫ 10 6 cells in 3 ml of DMEM with 10% FBS) and allowed to attach overnight. Five minutes prior to transfection, 25 M chloroquine was added to each plate. The transfection solution contained DNA (2.5 g of pMD-G, 5 g of pNGVL-MLV-gag-pol, 3 g of retroviral vector [pLZR-HA-Erk5 AEF -IRES-GFP, pLZR-RasN17-IRES-GFP, or pLZR-IRES-GFP alone for the mock transfection]), 61 l of 2 M CaCl 2 , and double-distilled H 2 O to 500 l. After mixing, 0.5 ml of 2ϫ HBS (pH 7.0) (5) was added and the solution was bubbled for 15 s. The HBS-DNA complex was then dropped onto cells. Eight hours later, the medium was replaced with fresh complete culture medium that, 24 to 32 h posttransfection, was again replaced with 3 ml of fresh virus-collecting medium. Twenty-four hours after the medium change, the supernatant from transfected cells was collected and centrifuged at 1,000 ϫ g for 5 min. Twenty-four hours before infection, MCF7 or BT474 cells were plated at 25,000 per well in 24-well plates and infected with viral supernatants containing Polybrene at 6 g/ml. The following day, the medium was changed to overnight-infected MCF7 cells, and 12 h later, infected cells were incubated in DMEM with 0.1% FBS and 10 nM NRG or the indicated concentrations of FBS. Cell proliferation was analyzed by an MTT-based assay (53) .
For stable production of retroviruses, PT67 packaging cells (Clontech Laboratories) were transfected with retroviral plasmid pRevTRE-HA-Erk5 AEF or pRevTRE (Clontech Laboratories) alone. Two days after transfection, cells were plated in selection medium containing hygromycin (300 g/ml; Calbiochem). Retrovirus produced by stable packaging clones and pools were analyzed by infecting MCF7-Tet-Off cells with virus-containing medium complemented with Polybrene (4 g/ml). Forty-eight hours postinfection, infected MCF7-Tet-Off cells were split in the presence or absence of doxycycline (10 ng/ml). Cells were analyzed for infected-protein content by Western blotting with an anti-HA antibody.
Immunoprecipitation and Western blotting. Cells were washed with phosphate-buffered saline (PBS) and lysed in ice-cold lysis buffer (140 mM NaCl, 10 mM EDTA, 10% glycerol, 1% Nonidet P-40, 20 mM Tris (pH 8.0), 1 mM pepstatin, aprotinin at 1 g/ml, leupeptin at 1 g/ml, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate). After the cells had been scraped from the dishes, samples were centrifuged at 10,000 ϫ g at 4°C for 10 min and supernatants were transferred to new tubes with the corresponding antibody and protein A-Sepharose. Immunoprecipitations were performed at 4°C for at least 2 h, and the immune complexes were recovered by a short centrifugation, followed by three washes with 1 ml of cold lysis buffer. Samples were then boiled in electrophoresis sample buffer and loaded onto SDS-PAGE gels. After transfer to polyvinylidene difluoride membranes, filters were blocked for 1 h in TBST (12) and then incubated for 2 to 16 h with the corresponding antibody. After being washed with TBST, filters were incubated with horseradish peroxidase-conjugated secondary antibodies for 30 min and bands were visualized by a luminolbased detection system with p-iodophenol enhancement (12) .
Cell proliferation measurements. Subconfluent monolayer cultures were trypsinized, and cells were plated in 24-well plates to a density of 25,000 per well. Cultures were allowed to attach overnight before treatment with different concentrations of serum in the presence or absence of NRG (10 nM). Cell proliferation was analyzed every 2 or 3 days by an MTT-based assay as follows. The medium in each well was replaced with 250 l of fresh medium containing MTT at 0.5 g/l and plates were returned to the incubator for 1 h. The medium-MTT was then removed, 500 l of dimethyl sulfoxide was added to each well, and the plate was kept in agitation for 5 min in the dark to dissolve the MTT-formazan crystals. The absorbance of the samples was then recorded at 570 nm. Four wells were analyzed for each condition, and wells containing medium plus MTT but no cells were used as blanks. The results are presented as the mean Ϯ the standard deviation (SD) of quadruplicates of a representative experiment that was repeated at least three times.
To measure proliferation in MCF7-HA-Erk5 AEF -Tet-Off cells, they were plated at 10,000 per well and cultured overnight in DMEM-10% FBS with or without doxycycline at 10 ng/ml. The next day (day 1 of culture), an MTT assay was performed and considered the starting point. Five days after plating, another MTT uptake assay was carried out and parallel cultures of cells were shifted to DMEM-0.1% FBS containing or not containing doxycycline and 10 nM NRG. At 4 (day 9 of culture) and 6 (day 11 of culture) days after the addition of NRG, the MTT uptake assay was performed as described above. In parallel, wells of cells being treated or not being treated with doxycycline were lysed at the different times at which the MTT assays were performed and HA-Erk5 AEF content was analyzed by Western blotting.
In vitro kinase assay. The in vitro kinase assay was performed essentially as previously described (39) . For HeLa cells, subconfluent cultures in 60-mmdiameter dishes were treated with or without EGF (10 nM) for 15 min. The cells were then washed once with ice-cold PBS and scraped into 200 l of lysis buffer (20 mM Tris-HCl [pH 7.5], 5 mM EGTA, 25 mM ␤-glycerophosphate, 1% Triton X-100, 2 mM dithiothreitol [DTT], 1 mM vanadate, 1 mM phenylmethylsulfonyl fluoride, aprotinin at 2 g/ml). Cell debris was eliminated by centrifugation at 14,000 ϫ g for 20 min at 4°C. The supernatant was incubated with 45 l of a 1:10 slurry of protein A-Sepharose-CL4B Sepharose beads, 10 l (200 g/ml) of goat anti-Erk5 antibody C-20, and 1 l (2.5 g/l) of a rabbit anti-goat immunoglobulin G (Sigma) for 2 h at 4°C. The immunoprecipitates were washed twice with 20 mM Tris-HCl (pH 7.5)-500 mM NaCl-2 mM DTT-0.05% Tween 20, and then the precipitates were divided into two parts. The one used for the kinase assay was washed once with a buffer containing 20 mM Tris-HCl (pH 7.5), 2 mM EGTA, 2 mM DTT, and 1 mM phenylmethylsulfonyl fluoride and then incubated for 30 min at 30°C in 15 l of a buffer containing 20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 100 M ATP, 10 g of myelin basic protein (MBP), and 2 Ci of [␥-32 P]ATP. Kinase assays using GST-MEF2C were performed by replacing MBP in the kinase reaction with 5 g of GST-MEF2C. The reactions were quenched by addition of an equal volume of 2ϫ Laemmli sample buffer and subjected to SDS-10% PAGE. The gels were then exposed to a Fuji IIIS sensitive screen, and the radioactivity in the gels was digitally analyzed with a BAS1500 apparatus. Dried gels were also exposed to X-ray films to obtain autoradiographs.
Immunofluorescence microscopy. Cells plated on glass coverslips were washed with PBS and fixed in 2% p-formaldehyde for 30 min at room temperature. Monolayers were washed twice for 10 min each time with PBS supplemented with 0.1% (final concentration) Triton X-100 and then blocked in PBS with 1% BSA for 1 h at room temperature. Monolayers were then incubated with the primary antibody in blocking solution for 2 h at room temperature or overnight at 4°C. After three washes for 10 min each in PBS with 0.2% BSA, the coverslips were incubated with cyanine-3-conjugated secondary antibodies for 30 min, washed three times for 5 min each time in PBS with 0.2% BSA, and mounted. Samples were analyzed by regular epifluorescence microscopy or by confocal immunofluorescence microscopy using a Zeiss LSM 510 confocal microscope.
RESULTS
A phospho-Erk5 antibody that recognizes dually phosphorylated Erk5. To investigate whether the Erk5 pathway participates in NRG signal transduction, we first generated reagents that would allow an initial estimation of the action of ErbB receptors on the activation state of Erk5. The activation of Erk5 can be monitored by in vitro phosphorylation of sub-VOL. 22, 2002 Erk5 IN NEUREGULIN SIGNAL TRANSDUCTION 273 strates such as MBP (1), transcription factor MEF2C (40, 74), or Erk5 itself (2), as well as by a shift in the mobility of Erk5 (41) . Antibodies were raised against peptides corresponding to the C terminus of Erk5 (residues 791 to 805) and to a phosphorylated peptide of the Erk5 activation loop (residues 213 to 225) (Fig. 1A) . The latter includes the MAPK consensus microdomain TEY, whose dual phosphorylation is associated with stimulation of kinase activity (56) . For the characterization of these reagents, we used HeLa cells whose treatment with EGF has been reported to trigger Erk5 activation (41) . In agreement with such studies, stimulation of HeLa cells with EGF caused a retardation in the migration of Erk5, as indicated by immunoprecipitation and Western analysis with the antibody raised to the C terminus of Erk5 (Fig. 1B) . Both Erk5 bands were absent when the immunoprecipitates were carried out with an excess of the peptide used for the immunization (data not shown). In vitro kinase studies showed that EGF significantly increased the phosphorylation of the exogenous substrates MBP and MEF2C by Erk5 (Fig. 1C) . In addition, phosphorylation of endogenous Erk5 was also substantially increased in cells treated with the growth factor (Fig. 1C) .
In HeLa cells treated with EGF, the anti-phospho-Erk5 antibody (anti-pErk5) immunoprecipitated the slower-migrating Erk5 band but failed to recognize the faster-migrating Erk5 form (Fig. 1D, top) . In addition, when anti-Erk5 C-terminal immunoprecipitates were subjected to Western analysis with the anti-pErk5 antibody, a prominent band corresponding to the upper migrating Erk5 form was detected in cells treated with EGF (Fig. 1D, bottom) . In these assays, two faster-migrating forms could also be detected, but only in EGF-treated samples ( Fig. 1D ; bottom, arrows). Transfection of HeLa cells with an HA-tagged version of a double Erk5 mutant in which the original TEY sequence required for activation was replaced with AEF (HA-Erk5 AEF ) indicated that recognition of Erk5 by the anti-pErk5 serum required the phosphorylation at the TEY microdomain (Fig. 1E) . In addition, the data obtained with this mutant indicated that the integrity of the TEY microdomain was essential for growth factor-induced changes in electrophoretic mobility, thus excluding the possibility that these changes were due to the phosphorylation of Erk5 that occurs at sites outside the activation domain (20) . Dose-response curves of the effect of EGF on Erk5 activity in HeLa cells showed a correlation among Erk5 shifting, anti-pErk5 blots, and in vitro kinase activity (data not shown).
NRG receptors activate the Erk5 pathway. With the help of the above-described reagents, we tested whether the Erk5 pathway is involved in NRG signal transduction. The breast cancer cell line MCF7 contains NRG receptors and has been extensively used as a model with which to analyze NRG-induced responses (34, 51) . First, the action of EGF and NRG on ErbB receptor activation was evaluated. Addition of NRG stimulated tyrosine phosphorylation of ErbB2, ErbB3, and ErbB4 in MCF7 cells ( Fig. 2A) . However, and due to the low complement of EGFR present in these cells, EGF and NRG failed to induce a significant increase in the tyrosine phosphorylation of the EGFR. In HeLa cells, EGF treatment stimulated tyrosine phosphorylation of the EGFR and ErbB2. EGF and NRG failed to induce ErbB3 or ErbB4 tyrosine phosphorylation.
In MCF7 cells, treatment with NRG resulted in activation of Erk5, as demonstrated by the gel retardation of Erk5 ( Fig. 2A  and B) , by the selective recognition of the upper band by the anti-pErk5 antibody (Fig. 2B) , by in vitro kinase assays using GST-MEF2C as an exogenous substrate (Fig. 2C) , and by the autophosphorylation of Erk5 (Fig. 2D ). To investigate if NRG affects the subcellular distribution of Erk5, the location of Erk5 was analyzed by immunofluorescence microscopy with the antiErk5 C terminus antibody (Fig. 2E) . Under resting conditions, Erk5 was diffusely distributed in the cytosol and also appeared in the nucleus. NRG induced a substantial decrease in the cytosolic staining that was accompanied by accumulation in the nucleus ( Fig. 2E ; see also Fig. 5F ).
The effect of NRG on Erk5 activation was found to be time and dose dependent. The maximal effect occurred at concentrations between 5 and 10 nM, and a half-maximal effect was obtained at 2 nM (Fig. 2F , top, and data not shown). The effect of NRG on Erk5 activation was detectable at 5 min of treatment, reached a maximum by 10 to 20 min, and decreased progressively to resting levels by 2 h (Fig. 2F, bottom) .
Effect of signaling inhibitors on NRG-induced Erk5 activation.
To analyze if NRG-dependent activation of Erk5 requires the kinase activity of the NRG receptors, MCF7 cells were preincubated with increasing concentrations of the ErbB receptor tyrosine kinase inhibitor DAPH (10) for 30 min before NRG addition. Treatment with this drug decreased ErbB2 tyrosine phosphorylation (Fig. 3A, top) and Erk5 activation (Fig. 3A, middle) in a dose-dependent fashion, suggesting that the kinase activity of NRG receptors is essential for NRGinduced Erk5 activation. The action of this drug on Erk5 mobility shift was more pronounced than its effect on p185 ErbB2 tyrosine phosphorylation (Fig. 3A, bottom) . However, DAPH was unable to prevent Erk5 activation in response to osmotic stress induced by sorbitol (Fig. 3B) , indicating that DAPH did not affect other Erk5 activation routes.
Because of the high homology between structural domains of Erk1/2 and Erk5 (43, 76) , the action of inhibitory treatments that target the Erk1/2 pathway was tested for its potential effect on Erk5 activation by NRG receptors. In several cell types, coupling of growth factor receptor tyrosine kinases to the Erk1/2 pathway has been reported to be mediated by the Ras/ Raf pathway (42, 49) . The participation of Ras in receptorinduced Erk5 activation has been less well defined. EGF-induced (41) or G protein-coupled receptor-induced (25) Erk5 activation has been reported to be independent of Ras activity, while NGF-induced Erk5 activation has been shown to be mediated by Ras (39) and the activity of Erk5 has been shown to be increased by Ras (20) . The action of a dominant negative form of Ras (RasN17) on NRG-induced Erk5 activation was analyzed in MCF7 cells infected with retrovirus or in stable clones expressing different levels of RasN17. Overexpression of RasN17 in MCF7 cells failed to substantially affect NRGinduced activation of Erk5 (Fig. 3C) . That this form acts as a bona fide Ras inhibitor in MCF7 cells was indicated by its ability to block NRG-induced Ras interaction with the Ras binding domain of Raf (data not shown). Furthermore, in parallel assays, RasN17 prevented the growth of NIH 3T3 fibroblasts (data not shown). Interestingly, RasN17 also failed to substantially affect NRG-induced Erk1/2 activation (Fig. 3C,  bottom) .
The action of U0126, an inhibitor of the Erk1/2 upstream activating kinases (23), was also evaluated. Preincubation of MCF7 cells with this inhibitor resulted in a dose-dependent inhibition of NRG-induced Erk1/2 and Erk5 activation ( the HA-Erk5 AEF form with respect to endogenous Erk5, probably due to the presence of the HA tag at the N terminus (Fig.  4A, left) . Western blotting with the anti-HA antibody demonstrated that the upper band in MCF7-Erk5 AEF cells corresponded to the transfected HA-Erk5 AEF dominant negative form (Fig. 4A, right) .
To test the effect of HA-Erk5 AEF on NRG-induced cell proliferation, we used several strategies to express HAErk5 AEF . Expression of HA-Erk5 AEF by retrovirus infection (Fig. 4B) resulted in a significant decrease in NRG-induced MCF7 cell proliferation, compared to the effect of NRG on cells infected with the empty vector (Fig. 4B ). This effect was maximal within 4 to 7 days of NRG treatment. Analogous data were obtained when a clone of MCF7 cells was used in which the expression of HA-Erk5 AEF was under the control of the tetracycline transactivator (MCF7-Erk5 AEF -Tet-Off cells, Fig.  4C ). Finally, studies of the proliferation of MCF7 clones constitutively expressing different levels of HA-Erk5 AEF indicated a negative correlation between the level of HA-Erk5 AEF and the degree of NRG-induced cell proliferation (Fig. 5E and data not shown).
To gain insight into the mechanism by which HA-Erk5 Incubations were extended for an additional 15 min, and then samples were lysed and subjected to immunoprecipitation with the 4D5 anti-ErbB2 antibody (top) or 50 g of the lysate was directly loaded onto an SDS-6% PAGE gel (bottom). The Western blots were probed with anti-phosphotyrosine (top) or anti-Erk5 C-20 (bottom) antibody. The bottom graphic is a representation of the data presented in the blot. (B) Effect of DAPH on sorbitol-induced Erk5 activation. The preincubations and treatments were as described for panel A, but sorbitol (0.4 M) was added to the indicated samples and they were incubated for 15 min. (C) Effect of RasN17 on Erk5 activation by NRG. MCF7 cells were infected with pLZR-RasN17-IRES-GFP or with empty-vector-containing retroviruses. At 48 h later, cells were treated with 10 nM NRG for 15 min and then lysed. A 15-g sample of the lysate was analyzed for RasN17 content with an anti-HRas antibody (middle) or probed with the anti-pErk antibody (bottom), and the rest of the sample was immunoprecipitated with the anti-Erk5 C terminus antibody. Western blotting of Erk5 was performed with the C-20 anti-Erk5 antibody (top). (D) Effect of U0126 on NRG-induced Erk5 and Erk1/2 activation. MCF7 cells were preincubated with the indicated concentrations of U0126 for 30 min before the addition of 10 nM NRG. Cells were then lysed, and 10 l was analyzed by SDS-10% PAGE and Western blotting with an anti-Erk1/2 antibody (bottom). The rest of the sample was immunoprecipitated with the anti-Erk5 C terminus antibody and loaded onto 6% polyacrylamide gels. The blot shown at the top was probed with the C-20 anti-Erk5 antibody. A quantitative representation of the data obtained in the blot is shown at the bottom. Erk5 (F) and Erk2 (E) activation was measured as the ratio between the slow-and faster-migrating forms of these kinases. Maximal activation was considered to be that obtained with NRG in the absence of U0126.
affects NRG signal transduction in MCF7 cells, we evaluated how HA-Erk5 AEF affects (i) upstream signals triggered by ErbB receptor activation; (ii) the activation of endogenous Erk5; (iii) the subcellular location of Erk5; and (iv) downstream signaling pathways, such as c-jun induction (40, 45) AEF did not affect the levels of ErbB2 (Fig. 5A) or the response to NRG in terms of early signaling events, such as ErbB2 (Fig. 5A) or Shc (Fig. 5B) tyrosine phosphorylation, or association of the receptor with the adaptor molecule (Fig. 5B, bottom) . In MCF7-Erk5 AEF clone 17 cells, NRG was able to stimulate an endogenous Erk5 mobility shift (Fig. 5C ) and Erk5 phosphorylation in in vitro kinase assays (Fig. 5D ). This effect of NRG mobility shift on endogenous Erk5 was also found in two other clones expressing intermediate levels of HA-Erk5 AEF (data not shown). However, in cells expressing high levels of HA-Erk5 AEF , NRG treatment failed to induce an endogenous Erk5 mobility shift (Fig. 5C ).
Even though NRG efficiently stimulated an Erk5 mobility shift in MCF7-HA-Erk5 AEF clone 17 cells, these cells (and another clone with a similar HA-Erk5 AEF /endogenous Erk5 ratio) proliferated less than wild-type MCF7 cells. On the other hand, the proliferation of MCF7-HA-Erk5 AEF clones expressing intermediate levels of HA-Erk5 AEF was greater than that of the clones expressing high levels of HA-Erk5 AEF ( Fig. 5E and data not shown) .
The above data indicated that HA-Erk5 AEF could act on cell proliferation by mechanisms other than interference with endogenous Erk5 phosphorylation. An important step in the regulation of cell proliferation by MAPKs is their transport to the nucleus upon activation (9) . To investigate whether expression HA-Erk5 AEF affects NRG-induced Erk5 translocation, the cellular distribution of Erk5 was analyzed by immunofluorescence using the affinity-purified anti-Erk5 C terminus antibody. As shown above, in MCF7 cells, NRG induced the translocation and accumulation of Erk5 in the nuclear compartment ( Fig. 5F  and 2E ). In clone 17, NRG-induced Erk5 translocation to the nucleus was profoundly inhibited, as indicated by quantitative analysis of the subcellular distribution of Erk5 (Fig. 5F, right) .
Finally, the possibility that the Erk5 pathway could mediate (Fig. 5G) . This effect was detectable within 15 to 30 min, reached a maximum at 120 min, and decreased thereafter (Fig. 5G and data AEF -Tet-Off cells. Cells were cultured in the absence or presence of doxycycline (Dox.; 10 ng/ml) and treated with 10 nM NRG for the indicated times. Protein concentrations were measured, equal amounts of the cell lysates were subjected to SDS-10% PAGE, and Western blots were probed with an anti-c-Jun antibody (top) or an anti-HA antibody (for HA-Erk5 AEF ; bottom).
analyzed in a panel of tumoral cell lines expressing different combinations of ErbB receptors (Fig. 6A) . In breast cancer cell lines SKBR3 and BT474, in addition to the fast-migrating form of Erk5, a slower-migrating form was also present (Fig. 6A , arrow at the bottom). Analyses of the ErbB receptor content of these cell lines indicated that ErbB2 and a truncated form of this receptor that migrates faster than the holoreceptor (22) were the mainly overexpressed ErbB receptors in SKBR3 and BT474 cells (Fig. 6A) . Interestingly, in the cell lines overexpressing the EGFR, such as epidermoid cell-derived A431 and KB and the pancreatic carcinoma NP9, NP18, NP29, and NP31 cell lines, the mainly detectable form of Erk5 corresponded to the faster-migrating form, even though the EGFR was tyrosine phosphorylated under resting conditions, especially in A431 cells (Fig. 6B) . These cell lines, however, maintained responsiveness of the Erk5 pathway to EGF (Fig. 6C and data not shown).
Attempts to investigate the nature of the retarded forms of Erk5 in the BT474 and SKBR3 cell lines were carried out. We considered three possibilities: (i) continuous upstream stimulation of Erk5 by constitutively active receptors, (ii) a molecularly aberrant form of Erk5 that would result in anomalous mobility, and (iii) a defect in the dephosphorylation of Erk5. An estimation of the latter possibility was performed by analysis of the overall phosphatase activity of BT474 and SKBR3, together with reverse transcription-PCR studies of the expression of the phosphatases MKP3 and CL100, which have been implicated in Erk5 dephosphorylation (39) . In BT474 and SKBR3 cells, enzymatic assays of phosphatase activity indicated that these cells do not have any gross defect in phosphatase activity compared to cell lines, such as MCF7, that efficiently dephosphorylate Erk5 (data not shown). In addition, in BT474 cells, reverse transcription-PCR analyses of CL100 and MKP3 indicated that this cell line expresses both phosphatases (data not shown). While other, undefined phosphatases may also act to dephosphorylate Erk5, these data suggested that no major defects in phosphatase activity could explain the higher-M r form of Erk5 present in BT474 and SKBR3 cells.
A strong indication that the upper form of Erk5 present in BT474 and SKBR3 cells could correspond to a constitutively hyperactive form was supported by its identical mobility in SDS-PAGE gels compared to the NRG-induced shift in Erk5 (Fig. 7A) . Use of the anti-pErk5 antibody demonstrated that, in fact, the retarded form corresponded to a dually phosphorylated form of Erk5 (Fig. 7A, right) . The intensity of this band, present under nonstimulating conditions, increased upon NRG treatment. NRG induced an almost complete shift of the faster-migrating form into the form with retarded migration. Immunofluorescent staining with the anti-Erk5 C terminus an- (528 for the EGFR, 4D5 for ErbB2, C-17 for ErbB3, and C-18 for ErbB4). The immunoprecipitates were then subjected to SDS-6% PAGE, and after electrophoresis, the proteins were transferred to polyvinylidene difluoride membranes. Blots were probed with the R03 rabbit polyclonal antibody (EGFR), Ab-3 (ErbB2), C-17 (ErbB3), and C-18 (ErbB4). The arrow in the ErbB2 blot corresponds to a truncated version of the ErbB2 receptor. In parallel, 1 mg of protein lysate was immunoprecipitated with the anti-Erk5 C terminus antibody and the Western blot was probed with the C-20 anti-Erk5 antibody (bottom). The arrow in (Fig. 7B ). This staining was specific, since preincubation of the anti-Erk5 C terminus antibody with the peptide against which the antiserum was raised prevented nuclear staining (data not shown). In contrast to BT474 and SKBR3 cells, Erk5 was predominantly cytosolic in NP9 cells. The above data suggested that the retarded band probably corresponded to constitutively active Erk5 rather than a molecularly aberrant Erk5 form and, together with the phosphatase data, indicated that the constitutive activation state of Erk5 could be due to continuous positive signaling upstream of Erk5. This latter hypothesis was then tested. Western blotting with anti-phosphotyrosine antibodies of anti-ErbB2, antiErbB3, and anti-ErbB4 immunoprecipitates from SKBR3 and BT474 cells indicated that these receptors were highly tyrosine phosphorylated under resting conditions (Fig. 7C) , especially in the case of the overexpressed ErbB2 receptor. Because of the high phosphotyrosine content of these receptors under resting conditions, it was difficult to detect a clear stimulation of their tyrosine phosphorylation upon NRG treatment. A small shift in the electrophoretic mobility of ErbB3 in the NRG-treated samples from SKBR3 cells was an indirect indication of receptor activation (Fig. 7C) . In cells treated with DAPH, this tyrosine kinase inhibitor decreased the amount of tyrosine-phosphorylated ErbB2 and also caused a change in the pattern of Erk5 forms toward the faster-migrating form (Fig. 7D) .
To further investigate whether constitutively active ErbB receptors could continuously stimulate the Erk5 pathway, MCF7 cells were transfected with the human ErbB2 cDNA in order to increase the autocthonous content of ErbB2. ErbB2 overexpression in MCF7 cells resulted in constitutive activation of ErbB2 and Erk5 (Fig. 7E) , the latter of which was shown by gel shifting to have a more retarded M r . However, and probably because the MCF7-ErbB2 clones selected contained less ErbB2 than SKBR3 or BT474 cells, the amount of constitutively active Erk5 in MCF7-ErbB2 clones was significantly smaller than that present in SKBR3 or BT474 cells. In MCF7-ErbB2 cells, NRG was still able to activate Erk5 (Fig.  7E) .
Participation of Erk5 in BT474 proliferation. Since Erk5 was important for the growth of MCF7 cells and because of the resting presence of activated Erk5 in BT474 cells, we investigated whether Erk5 also participates in BT474 proliferation. The effect of the HA-Erk5
AEF dominant negative form of Erk5 on the growth of BT474 cells was analyzed on BT474 cells infected with a retroviral bicistronic vector that coded for GFP and HA-Erk5 AEF (pLZR-HA-Erk5 AEF -IRES-GFP) or with an empty vector that only produced GFP (pLZR-IRES-GFP). In addition, the growth properties of two pools of BT474 cells expressing HA-Erk5 AEF were analyzed. Infection with pLZR-HA-Erk5 AEF -IRES-GFP resulted in expression of the dominant negative Erk5 form, as indicated by Western blotting with the anti-HA antibody (Fig. 8A) . Even though there was resting stimulation of endogenous Erk5 in BT474 cells, transfected HA-Erk5
AEF electrophoretically migrated at a position that corresponded to the HA-Erk5 AEF of unstimulated MCF7-Erk5 AEF cells (Fig. 8B) . In BT474, the dominant negative form was predominantly a cytosolic protein, as indicated by staining with the anti-HA antibody (Fig. 8C) . This is in contrast to the clear nuclear location of Erk5 in untransfected BT474 cells (Fig. 7B and 8C) . In BT474 cells expressing HA-Erk5 AEF , staining with the anti-Erk5 C terminus antibody showed that most of the nuclear Erk5 staining disappeared (Fig. 8C) . Staining with an antibody that recognized Erk1 and Erk2 showed that these proteins were mainly cytosolic and that their subcellular distribution was unaffected by HA-Erk5 AEF expression (Fig. 8C) .
Analyses of growth curves of cells infected with pLZR-HAErk5 AEF -IRES-GFP indicated that Erk5 participated in serum-induced proliferation of BT474 cells (Fig. 8D) . At a low serum concentration (0.1%), both BT474 and BT474-Erk5 AEF proliferated at similar rates. In the presence of 1 or 10% serum, BT474 proliferated more than cells expressing the Erk5 AEF form. Analogous results were obtained when two different pools of BT474 cells that had been transfected with pCDNA3-HA-Erk5 AEF were used (data not shown). Taken together, these data suggest that Erk5 participates in BT474 cell growth.
DISCUSSION
Recent studies have indicated that the Erk5 pathway, besides transducing stress signals (1, 2) , may also mediate proliferation in response to EGFR stimulation (41) . Based on this finding and the importance of other ErbB receptors in breast cancer, we investigated if these other receptors could also activate the Erk5 pathway and whether that activation correlates with cell proliferation. Here we show that the Erk5 pathway is activated by NRG and that this MAPK pathway participates in proliferative responses induced by NRG receptors. We also provide evidence indicating that breast cancer cells that overexpress ErbB2 contain constitutively active Erk5 and that this kinase participates in their proliferation.
In breast cancer cell line MCF7, NRG activated Erk5, as indicated by NRG-induced in vitro phosphorylation of the Erk5 substrates MEF2C and MBP, autophosphorylation of Erk5, a shift of Erk5 to a slower-migrating form that corresponds to activated Erk5 (41) , and detection of phosphorylated Erk5 by an antibody directed to a phosphopeptide that includes the consensus phosphorylation site TEY present in the activation loop of Erk5 (43) and other MAPKs (70) . This antibody precipitated Erk5 and recognized the dually phosphorylated form of this kinase in Western blots. In addition, the antibody also precipitated activated forms of Erk1/2 (J. C. Montero and A. Pandiella, unpublished data). This was not surprising due to the high homology between Erk5 and Erk1/2 in the activating region (43) . While this cross-reaction prevented its use as a specific reagent in immunofluorescence or in vitro kinase assays, the fact that Erk5 and Erk1/2 substantially differ in molecular mass (Erk5, 120 kDa; Erk1, 44 kDa; Erk2, 42 kDa) makes this reagent a valuable tool for studies of Erk5 activation by Western blot assay. Furthermore, the anti-pErk5 antibody may be used to detect constitutively active forms of Erk5, as shown here in BT474 breast cancer cells.
In contrast to the activation route of Erk1/2 (47, 70) , little is known about the upstream signaling events that result in Erk5 activation. Genetic interaction studies have suggested that MEK5 acts as the major Erk5-activating kinase (76) , with MEKK3 being an upstream activating kinase for MEK5 (14) . How regulation of this kinase route is linked to ErbB receptor activation is not known. In our experimental system, NRGinduced Erk5 activation was sensitive to inhibitory drugs that preferentially act on receptor tyrosine kinases of the ErbB type. This conclusion was based on the data obtained with the ErbB-specific inhibitor DAPH (10). This drug has been shown to be a selective inhibitor of the EGFR and ErbB2 with respect to other receptor tyrosine kinases, such as the platelet-derived growth factor receptor, or even itinerant tyrosine kinases, such as Src family kinases. DAPH inhibited NRG-induced activation of Erk5 and ErbB2 in a dose-dependent fashion at concentrations known to specifically inhibit ErbB receptors. Therefore, as occurs with most other signaling events triggered by activation of ErbB receptors, including activation of Erk5 in HeLa cells (41) , activation of Erk5 by NRG depends on the kinase activity of these receptors.
Studies on the participation of the Ras/Raf pathway in Erk5 activation have generated unclear conclusions. Thus, Erk5 has been shown to be activated in a Ras-independent manner in HeLa cells stimulated with EGF (41) . In contrast, EGF-or NGF-induced Erk5 activation in PC12 cells has been reported to depend on Ras (39) . In MCF7 cells, expression of RasN17 prevented NRG-induced Ras activation but was unable to prevent the activation of Erk5. Interestingly, Erk1/2 activation in response to NRG was also largely insensitive to the presence of RasN17, suggesting that alternative routes for Erk1/2 activation must exist in these cells. The latter finding was particularly surprising since the Ras route has been linked to Erk1/2 activation by receptor tyrosine kinases in multiple cell lines. However, genetic and biochemical evidence also indicates that activation of the Raf/Erk route by receptor tyrosine kinases may occur through Ras-independent routes. Thus, in flies, coupling of the torso receptor tyrosine kinase to Raf has been reported to occur in a Ras-independent manner (35) . In addition, point mutations in the intracellular domain of Ret that prevent Ras activation fail to fully block glia-derived neurotrophic factorinduced Erk1/2 activation (7). NRG-induced Erk5 activation was prevented by use of the drug U0126. This drug was initially reported as a potent and selective inhibitor of MEK1 and MEK2 (23) . More recently, this drug has been shown to prevent EGF-induced Erk5 activation in COS cells (39) . Our data confirm that, in addition to its inhibitory effect on Erk1/2, U0126 may also act as an inhibitory drug for the Erk5 pathway by acting on the upstream activating kinases. Furthermore, the dose-response inhibitory effect on Erk5 paralleled that obtained for Erk1/2, raising the important conclusion that data obtained by the use of this drug should take into account this apparent lack of specificity. Because of this, and also due to the fact that no other drug is known to specifically inhibit Erk5, attempts to investigate the importance of Erk5 in NRG signal transduction were carried out by the use of a form (Erk5 AEF ) of this kinase in which the TEY sequence in the activation lip was replaced by AEF. Experiments with MCF7 cells expressing the Erk5 AEF form showed restricted proliferative responses to NRG with respect to wild-type cells. As expected, expression of this form did not affect upstream signaling events such as ErbB2 or Shc tyrosine phosphorylation or the association between these two proteins. Expression of high levels of Erk5 AEF prevented activation of endogenous Erk5 by NRG. However, expression of intermediate levels of Erk5 AEF did not block NRG-induced activation of endogenous Erk5. This is interesting, since the latter level of expression was enough to affect NRG-induced proliferation.
A mechanism that may act in concert with interference with Erk5 activation is prevention of nuclear translocation of Erk5 by the Erk5 AEF form. Nuclear translocation of Erk5 has been reported to be critical in the induction of nuclear transcription (72) . Since Erk5 cytoplasmic retention and oligomerization domains are preserved in the Erk5 AEF mutant, it is possible that endogenous Erk5 may be sequestered in the cytosol by its interaction with Erk5
AEF . In the presence of moderate levels of Erk5 AEF , interaction between wild-type Erk5 and the mutant form could prevent nuclear translocation of endogenous Erk5 but not its activation by MEK5. Furthermore, this cytoplasmic retention of endogenous Erk5 could facilitate its phosphorylation by MEK5, as indicated by the stronger shifting of Erk5 in the two clones of MCF7 cells expressing intermediate levels of Erk5 AEF . However, when the levels of Erk5 AEF are high enough, the dominant negative form probably titrates cytosolic MEK5, preventing endogenous Erk5 activation. In conclusion, our data, together with those of others (72) , indicate that shuttling of Erk5 to the nucleus appears to be as important as activation by phosphorylation for the action of Erk5, as also occurs for the related family members Erk1/2 (9).
Deficient nuclear translocation could explain why significantly less c-Jun induction by NRG was observed in cells transfected with the dominant negative form. This parallels the data obtained in other systems in which the Erk5 route has been shown to mediate c-Jun induction by several treatments (15, 40, 45) . While the exact mechanisms by which NRG receptors govern c-Jun levels are unknown, NRG controls transcription factors that regulate c-Jun expression (4, 16, 33) . Thus, the promoter of c-Jun contains an Sp1 binding site (16, 33) , and NRGs have been shown to stimulate the activity of the Sp1 transcription factor (4). In our study, NRGs activated Sp1 binding activity in both MCF7 and MCF7-Erk5 AEF cells; however, in the latter cells a small delay in the activation of Sp1 was observed compared to the effect in MCF7 cells (A. Esparís-Ogando, E. Díaz-Rodríguez, and A. Pandiella, unpublished data). In addition, the MADS box transcription factors of the MEF2 family, which have been shown to participate in c-Jun induction (40) , are known targets of the Erk5 kinase. A detailed study of the mechanisms of NRG-induced c-Jun expression that includes the possible participation of these transcription factors and the routes by which they are activated is required.
A finding that may have important therapeutic implications was that Erk5 appeared constitutively active in certain humanderived tumor cell lines. Western blotting of SKBR3 and BT474 cells with anti-Erk5 antibodies detected a form of Erk5 with a retarded mobility analogous to that of NRG-treated samples. Possibilities such as a molecular alteration or deficient dephosphorylation can probably be excluded by the studies on the mechanism of generation of this apparently constitutively active Erk5 form. Thus, immunoprecipitation with the anti-pErk5 antibody indicated that the slower-migrating Erk5 form was dually phosphorylated, suggesting that the retarded migration could be due to the presence of active Erk5. Studies on overall phosphatase activity, as well as on MKP3 and CL100, which have been reported to act as Erk5 phosphatases (39) , indicated no evident defects in phosphatase activity. Additional studies pointed to constitutive activation of ErbB receptors as the cause for the presence of permanently active forms of Erk5 in these tumor cell lines. Analysis of the expression of ErbB receptors in these cell lines indicated a correlation among the level of ErbB2, its constitutive phosphorylation status, and the presence of active Erk5. Treatment of BT474 with the ErbB inhibitor DAPH resulted in a change of the slower-migrating Erk5 form to the faster-migrating one. In addition, transfection of MCF7 cells with ErbB2 to increase the endogenous complement of ErbB2 receptors resulted in a shift in the amount of Erk5 to the slower-migrating form. Thus, continuous stimulation of the ErbB2 receptor results in permanent activation of the Erk5 route and probably other Erk pathways (71) that participate in cell proliferation. Interestingly, in A431 cells that overexpress constitutively active EGFR, Erk5 was mostly inactive under resting conditions. Since the estimated levels of EGFR in A431 cells is analogous to the levels of the other ErbB receptors (particularly ErbB2) in BT474 and SKBR3, it is possible that the differences in the level of activation of Erk5 may be due to stronger coupling of ErbB2, ErbB3, or ErbB4 to the Erk5 pathway than the EGFR.
In summary, our data point to Erk5 as an important MAPK in the regulation of NRG-induced cell proliferation. Because of its constitutive activation and role in the growth of certain tumor cells, it may be important to define specific drugs that target the Erk5 pathway. Efforts in that direction are being carried out in our laboratory.
